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myristoylated Src N-terminal region on supported lipid
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Miquel Pons*[a]
The proto-oncogene tyrosine-protein kinase Src is a key ele-
ment of signaling cascades involved in the invasive and meta-
stasis-forming capacity of cancer cells. While membrane ty-
rosine-kinase receptors are known to dimerize, Src is classified
as a non-receptor kinase and assumed to remain always mono-
meric. Here we demonstrate the formation of stable dimers by
the first domains of myristoylated Src previously shown to be
sufficient for Src trafficking. Src dimers fused to green fluo-
rescent protein (GFP) on supported lipid bilayers were identi-
fied using single-molecule photobleaching experiments. Com-
petition with a protein containing only native Src domains
without GFP confirms that dimerization is a previously over-
looked intrinsic property of Src. Dimerization is concomitant to
membrane binding by the myristoylated forms of Src and may
constitute a new regulation layer for the Src oncogene.
Cell signaling is the process by which cells respond to external
stimuli at the cell membrane. Receptor proteins, including ty-
rosine kinases, are integral membrane components that once
activated by extracellular ligands form signaling competent
dimers or higher oligomers.[1] On the intracellular side, non-re-
ceptor tyrosine kinases are key downstream mediators of cel-
lular signal transduction.[2] Supramolecular assemblies of down-
stream effectors have been recently suggested to explain
properties such as threshold kinetics, signal amplification, or
noise reduction.[3]
Src is a paradigmatic non-receptor kinase involved in sig-
naling pathways related to cell migration, proliferation and sur-
vival.[4] It is also an oncologic target since overexpression and
overactivation of Src have been associated to cancer pro-
gression and poor clinical prognosis.[5]
Structurally, Src consists of three folded domains (SH3, SH2,
and kinase SH1), the disordered unique domain and a SH4 re-
gion myristoylated at the N-terminus (Figure 1 A).[6]
While transient interactions between Src molecules, leading
to the mutual phosphorylation and persistent activation, are
known to occur,[7] Src and other non-receptor kinases are be-
lieved to be monomeric proteins.[8] However, recent ob-
servations have challenged this idea.[9]
Here, we applied single molecule photobleaching ap-
proaches[10] to elucidate the stoichiometry of the myristoylated
N-terminus of Src fused to the enhanced-green fluorescent pro-
tein (MyrUGFP, Figure 1B) embedded in supported lipid bilayers
(SLBs). This form of Src has been shown to be sufficient for rap-
id exchange between late endosomes and the plasma mem-
brane[11]. We conclusively demonstrate the formation of mem-
brane-anchored dimers. Src dimers had not been described
previously and open a novel insight in Src function with poten-
tially important implications in terms of signaling localization
and kinetics.
Supported lipid bilayers (SLBs) composed of dipalmitoyl-
phosphatidyl-choline (DPPC), and dipalmitoyl-phosphatidyl-
glycerol (DPPG) at a DPPC:DPPG ratio of 2:1 (doped with LissR-
hode PE to enable fluorescent imaging of the SLB) were formed
on glass coverslips by deposition of 100-nm liposomes (See SI).
The use of negatively charged lipids mimics the negative
charge of the cell membrane. In previous experiments using
surface plasmon resonance (SPR) it was shown that electro-
static interactions contribute to increase binding of Myr-SH4
containing proteins and the formation of persistent bound
forms, associated to dimerization[9a]. Diluted solutions of Myr-
UGFP were incubated with SLBs for 30 minutes at 458C and the
excess protein was rinsed with cold buffer. To confirm that GFP
is fully matured in the MyrUGFP construct, we measured the
relative UV absorption at 488 and 280 nm (results not shown):
we calculated the protein concentration independently at
these two wavelengths and obtained similar values.
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The sample was imaged in buffer solution at room temper-
ature, in which the lipid bilayer is in a gel phase, limiting pro-
tein lateral diffusion in the bilayer. However, previous SPR ex-
periments showed that Src dimerization also occurs in liquid
crystalline phases formed by dimyristoyl or dioleyl phospha-
tidyl-choline.[9a] The detailed imaging conditions are described
in the SI.
A representative two-color confocal fluorescence image of
the SLB and bound proteins is shown in Figure 1C. A protein
concentration of 200pM was chosen to guarantee single mole-
cule discrimination under diffraction-limited confocal illumina-
tion. Individual, well-separated spots of GFP signal were readily
identified, indicating the successful incorporation of MyrUGFP
in the SLB. A projection of the fluorescence emitted by Myr-
UGFP is shown in Figure 1D. Fluorescence intensities varied sig-
nificantly among individual fluorescent spots (e.g. compare the
spots highlighted by colored arrows in Figure 1d), suggesting a
distribution in the number of contributing chromophores. To
quantify the number of proteins per spot, we generated in-
dividual fluorescence trajectories as a function of the ob-
servation time by positioning the fluorescence spots in the
center of the excitation profile and recording the fluorescence
Figure 1. Schematic representation of A) native Src and B) MyrUGFP. C) Dual color confocal fluorescence image of the SLB (red) and MyrUGFP (yellow). D)
Fluorescence intensity projection image of MyrUGFP bound to a deposited SLB, after protein incubation at 200pM. 5x5 mm2 area. The arrows highlight fluo-
rescent spots with different intensities, low (grey), medium (white) and high (red).
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emission continuously for at least 20 seconds. Representative
individual fluorescence trajectories are shown in Figure 2AC.
The trajectories showed the characteristic stepwise photo-
bleaching behavior of single molecules and enabled the accu-
rate quantification of the number of contributing chromo-
phores.[10] A significant number of trajectories showed more
than one single photobleaching step (Figure 2B,C).
We analyzed a large number of trajectories recorded at
three different protein-incubation concentrations (200 pM, 500
pM and 750 pM), in which individual spots could be dis-
criminated from the confocal images and classified them ac-
cording to the number of bleaching steps (See SI). The ex-
perimental results are shown in Figure 2D. Remarkably, the
majority of the trajectories showed the presence of two mole-
cules at all the concentrations studied.
To investigate whether these results indeed reflect a dimeri-
zation of MyrUGFP on SLBs, or are the consequence of a high
density of molecules randomly located at distances lower than
the diffraction limit that could result in an apparent ag-
gregation, we performed Monte Carlo simulations (see SI). For
this, we considered the measured experimental molecular den-
sity at the different concentrations, and distributed the par-
ticles in a random fashion on a 2D matrix, after convolution
with the point-spread function of the microscope. Simulations
clearly show that in the absence of intermolecular binding in-
teractions only a small fraction of the fluorescent spots should
contain contributions from more than one molecule (Fig-
ure 2E). Therefore, the observation of a large fraction of spots
with two or more fluorescent molecules demonstrates the for-
mation of MyrUGFP dimers on SLBs.
We further performed a series of simulations assuming dif-
ferent ratios of monomers and dimers but also allowing for the
presence of trimers. The complete results are shown in SI. Pop-
ulations containing 20–30% of monomers and 80–70% of dim-
ers reproduced best the experimental results in SLB (Figure 2F).
At higher concentrations a slightly better agreement was found
by adding a small fraction (5%) of trimers (Figure 2F). Overall,
these data show that a large fraction of SLB-bound MyrUGFP
molecules are dimers at all the concentrations studied.
To assess the role of the SLB in MyrUGFP dimerization, we
deposited MyrUGFP directly on polylysine (PLL)-coated glass
coverslips at a concentration rendering a comparable surface
protein density to that of 500 pM protein on SLBs (Figure 3 A).
In the absence of SLBs, MyrUGFP was found mainly as mon-
omers (~70%), with low percentages of dimers (28%) and trim-
ers (3%), in good agreement with the values predicted by the
simulations of non-interacting species (Figure 2E). These experi-
ments also rule-out the dimerization of eGFP in solution prior
to deposition on the substrate as a source for the MyrUFGP di-
merization observed on SLBs. The absence of self-association of
MyrUGFP in the concentration range between 1 nM and 10 mM
(SI) was confirmed by the linear dependency of the fluores-
cence intensity with protein concentration. Non-myristoylated
and myristoylated UGFP showed similar retention times by size
exclusion chromatography suggesting they are both mono-
meric in solution (results not shown). Importantly, these data
indicate that lipid binding is a requisite for MyrUGFP dimeriza-
tion, probably associated to the confinement and restricted dif-
fusion in the 2D membrane.
In order to confirm that dimerization was a property of the
Src N-terminal domain we designed a competition experiment
using MyrUSH3, a non-fluorescent protein containing the natu-
ral SH3 domain following the Unique domain. We compared
fluorescence time traces recorded on SLBs incubated with a
solution containing 200 pM of MyrUSH3 and 200 pM of Myr-
UGFP with respect to samples incubated under the same con-
ditions but in the absence of MyrUSH3. The percentage of sin-
gle photobleaching steps increased from ~15% to ~50%
(Figure 3B). Consistently, the fraction of spots containing two
fluorescent molecules decreased by 25% and those with three
molecules by ~70%. These results can be explained by the for-
mation of mixed dimers (MyrUSH3-MyrUGFP) with a single fluo-
rophore, therefore giving rise to a single photobleaching step
(Figure 3C). These results clearly indicate the formation of Myr-
USH3-MyrUGFP mixed dimers, confirming that the interaction
involves the N-terminal region of Src.
Our data are consistent with recent evidence of persistently
lipid bound forms of MyrUSH3 with very slow dissociation ki-
netics. Binding of this form obeyed a second order rate law
consistent with a dimerization process.[9a] The large proportion
of dimers observed in the present experiments suggests that
they are enriched in the SLB as the less tightly bound mono-
mers are preferentially washed away. Other myristoylated spe-
cies containing the Src SH4 domain show evidence of self-asso-
ciation upon membrane binding: MyrSH4 binds persistently to
lipids[9a] and a SH4 peptide fused to a photo-switchable fluo-
rescent protein show clusters by super-resolution imaging.[9b]
Additionally, a 2H-NMR study of d27-myristoylated SH4 inserted
into lipid vesicles revealed unique structural and dynamic prop-
erties.[12] Thus, we postulate that MyrSH4 is the region directly
involved in self-association, and we rule out that the SH3 or
GFP domains participate in the dimerization. However, since
MyrSH4 alone seems to form large oligomers, we suggest that
the adjacent regions in Src probably have a role in restricting
the oligomerization to the dimer/trimer level.
What are the possible biological implications of Src dimeri-
zation? Most other members of the Src family of kinases are
strongly anchored to membranes by the simultaneous insertion
of a myristic and a palmitic group. In contrast, Src has a single
myristoyl chain, although complemented by electrostatic inter-
actions.[6c] As a consequence, monomeric Src lipid binding is re-
versible. In contrast, Src dimers could bind much stronger to
membranes by simultaneous inserting two myristoyl chains.
The coexistence of Src monomers and dimers suggests that
shifting the self-association equilibrium may modulate Src sig-
naling. One can speculate that changes in local Src concen-
tration or Src binding to receptors or co-receptors, among oth-
ers, may favor Src dimerization, triggering persistent signaling
from specific sites. The possibility that dimerization is an im-
portant component of the regulation and trafficking of Src is a
novel and intriguing hypothesis that deserves further inves-
tigation.
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Figure 2. Fluorescence trajectories of MyrUGFP with A) one B) two and C) three discrete photobleaching steps. D) Distribution of the percentage of trajectories
with one, two, three and more photobleaching steps at 200 pM (n=159), 500 pM (n=220), and 750 pM (n=115); n is the number of trajectories. The error
bars were extracted from a multimodal model fitting to the complete data set and correspond to the 95% confidence interval in the model (see SI for details).
E-F) Predicted frequency distribution for a uniform population of non-interacting monomers E) or a mixed population containing a distribution of 25:70:5 of
monomers, dimers, and trimers F). The total molecular density used in the simulations corresponded to the experimental data at each given concentration.
Standard deviations of the numerical simulations were less than 2% in all cases and are not shown.
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Supporting Information
The contents of the SI includes details of the constructs used,
liposome and SLB preparation, fluorescence microscopy proto-
cols, data processing and analysis, simulation protocols and ex-
tended simulation data, as well as control experiments in sol-
ution.
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